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a b s t r a c t

Highly pathogenic (HP) H5N1 avian influenza has become endemic in several countries in Asia and
Africa, and vaccination is being widely used as a control tool. However, there is a need for effica-
cious vaccines preferably utilizing a DIVA (differentiate infected from vaccinated animals) marker
strategy to allow for improved surveillance of influenza in vaccinated poultry. Using a reverse genet-
ics approach, we generated Asian rgH5N9 vaccine strain deriving the hemagglutinin gene from
A/chicken/Indonesia/7/2003 (H5N1) with modification of the cleavage site to be low pathogenic (LP)
and N9 neuraminidase gene from the North American LP A/turkey/Wisconsin/1968 (H5N9) virus. The
recombinant rgH5N9, A/turkey/Wisconsin/1968 (H5N9) A/chicken/Hidalgo/232/1994 (H5N2), and wild
type HP A/chicken/Indonesia/7/2003 (H5N1) viruses were used to prepare inactivated oil-emulsified
whole virus vaccines. Two weeks after vaccination, chickens were challenged with either Asian HP
H5N1 viruses, A/chicken/Indonesia/7/2003 (W.H.O. clade 2.1) or A/chicken/Supranburi Thailand/2/2004
(W.H.O. clade 1.0). The H5 HA1 of the North American vaccine strains exhibited 12% amino acid dif-
ferences including amino acid changes in the major antigenic sites as compared to the Asian HP H5N1
challenge viruses, serologically exhibited substantial antigenic difference, but still provided 100% protec-
tion from mortality. However, challenge virus shedding was significantly higher in chickens immunized

with antigenically distinct American lineage vaccines as compared to the antigenically matched Asian
rgH5N9 and the wild type Asian H5N1 vaccine. The antibody response to the heterologous subtype neu-
raminidase proteins were discriminated in vaccinated and infected chickens using a rapid fluorescent
2′-(4-methylumbelliferyl)-�-d-N-acetylneuraminic acid sodium salt as substrate for neuraminidase inhi-
bition assay. This study demonstrates the value of using a vaccine containing antigenically matched H5
hemagglutinin for control of HP H5N1 avian influenza in poultry and the potential utility of a heterologous

mark
neuraminidase as a DIVA

. Introduction

Influenza A viruses have been isolated from many different avian
nd mammalian species, but wild waterfowl and shorebirds are
hought to be the primary reservoir of influenza A virus in nature
1]. The influenza A virus genome consists of eight strands of neg-
tive sense RNA, which codes for 10–11 different proteins [2–5].

nfluenza A viruses are characterized into distinct antigenic sub-
ypes based on their two surface glycoprotein’s, the hemagglutinin
HA) and the neuraminidase (NA) [6]. Influenza A viruses repre-
enting 16 HA and 9 NA antigenic subtypes have been isolated

∗ Corresponding author. Tel.: +1 706 546 3479; fax: +1 706 546 3161.
E-mail address: David.Suarez@ars.usda.gov (D.L. Suarez).

264-410X/$ – see front matter. Published by Elsevier Ltd.
oi:10.1016/j.vaccine.2009.07.110
er.
Published by Elsevier Ltd.

from avian species, and can theoretically be found in any combi-
nation of subtypes (e.g. H1N1, H5N9 etc.) [1,7]. The HA protein
is initially synthesized as a single polypeptide precursor (HA0),
which is then cleaved by host proteases into HA1 and HA2 subunits
[8,9]. The clinical disease outcome in influenza A virus infection
among avian species largely depends upon the ability of different
cellular proteases to cleave the hemagglutinin protein. The pres-
ence of polybasic amino acids or an insert of amino acids at the
HA cleavage site of H5 and H7 subtype viruses are characteristic
of highly pathogenic (HP) viruses which by definition are highly

lethal for chickens in standard animal pathotyping studies. Low
pathogenic (LP) H5 and H7 viruses are distinctive in that they
can quickly and unpredictably change to HP viruses with amino
acid changes at the cleavage site [1,8]. In addition to the evolu-
tion of antigenic subtypes, avian influenza A viruses have evolved

http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:David.Suarez@ars.usda.gov
dx.doi.org/10.1016/j.vaccine.2009.07.110
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nto distinct genetic lineages within the HA subtypes, Eurasian and
orth American lineages, presumably as a result of the predom-

nant north to south migration pattern of their waterfowl hosts
1,11].

Highly pathogenic H5N1 avian influenza viruses cause a serious
isease in poultry and is a notifiable disease to the Office Interna-
ional des Epizootics, the World Organization of Animal Health, and
herefore outbreaks adversely affect international trade of poul-
ry and poultry products [9]. An Asian lineage HP H5N1 avian
nfluenza strain that emerged in domestic geese in southern China
uring 1996 [10] became endemic in the region, and continued
o spread to other parts of the country and across Asia [11,12].
eginning in late 2003, an unprecedented number of outbreaks
f this H5N1 lineage occurred in many Asian, African and Euro-
ean countries [13,14]. Recent W.H.O. antigenic and phylogenetic
nalyses criteria distinguish Asian lineage H5N1 viruses into nine
ajor clades, indicating the array of genetic and antigenic diver-

ity among this lineage of avian influenza viruses, underscoring a
hallenge posed to control H5N1 avian influenza in poultry [15].
he zoonotic transmission of the HP H5N1 avian influenza virus
trains from poultry to humans in Asian and African countries
esulted in fatal illnesses in 241 of 383 confirmed cases and con-
inue to pose a serious threat to the public health [16]. Because of
he repeated outbreaks of HP H5N1 avian influenza in poultry in
sia and Africa, and associated human infections [17–22], control
f the disease in poultry has become a high priority. Traditional
ontrol strategies against HP H5N1 avian influenza outbreaks in
oultry include the identification and slaughter of affected and
t risk poultry [23]. However, eradication by slaughter may be
rohibitively costly when the outbreak is widespread within a
ountry or region. Vaccination as a control tool has been gaining
avor as a potentially more cost effective approach for control-
ing the virus, reducing the economic loss to poultry farmers,
nd contributing to improved food security in developing nations.
lthough several different types of vaccines are available world-
ide, vaccination of poultry is primarily done with whole virus

nactivated oil-emulsified vaccines that when properly adminis-
ered can provide high antibody levels to the HA protein and
esult in significant reductions of viral shedding. Vaccination has
een useful for the control of HP H5N1 avian influenza in chick-
ns in Hong Kong [24] and H5N2 avian influenza in Mexico,
lthough vaccination did not eradicate the LP H5N2 virus in Mexico
25].

One disadvantage of the inactivated whole virus vaccines is they
ffect serologic surveillance when using the common influenza
ype A specific diagnostic tests like the agar gel immunodiffu-
ion test (AGID) or the commercially available enzyme linked
mmunosorbent assay, because both vaccinated and naturally
nfected birds develop antibody to both the nucleoprotein and

atrix proteins which are the primary antigens for these tests. Ide-
lly any vaccine approach would benefit from a DIVA (differentiate
nfected from vaccinated animals) strategy where an easy and cost
ffective serologic test can provide surveillance even in vaccinated
ocks [23,26]. One proposed DIVA strategy is the heterologous neu-
aminidase (hNA) approach where the hemagglutinin subtype of
he vaccine is matched to the predominantly circulating field strain,
ut the neuraminidase subtype is different from the field strain.
herefore the presence of antibodies or lack of antibodies to the
euraminidase protein can determine if a bird was infected, vacci-
ated or vaccinated and then infected with avian influenza virus.

nclusion of a rarely circulating NA subtype in poultry influenza

irus such as N4, N5, N6, N8 and N9 in the vaccine, either a natu-
ally occurring strain or in an engineered vaccine strain, can provide
useful and effective DIVA marker, and reduces the possibility of

onfusion if more than one subtype of avian influenza is circulat-
ng at one time [27,28]. The European Union has approved use Ta
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Table 2
Serum HI antibody response of single dose NA DIVA marker vaccines and efficacy against A/chicken/Indonesia/7/2003 (W.H.O. clade 2.1) HP H5N1 virus challenge in chickens
(experiment 1).

Vaccine 14 days post vaccination 10 days post-challenge

Log2 HI titers (SD)a NA DIVAb Birds shedding virusc Log2 HI titers (SD)a NA DIVAb

Vaccine Ag Indo/03 Ag Thai/04 Ag N1 N2 N9 2 dpi 5 dpi Vaccine Ag N1 N2 N9

H5N9 6.6 (0.7) 3.7 (0.4)d 2.8 (0.8)d 0/8 0/8 8/8 8/8 8/8 9.0 (0.4) 8/8 0/8 8/8
H5N2 4.8 (0.8) 2.8 (1.3)d 2.6 (0.5)d 0/8 8/8 0/8 8/8 8/8 7.0 (0.6) 8/8 8/8 0/8
wtH5N1 5.2 (0.8) 5.2 (0.8) 4.5 (1.0) 8/8 0/8 0/8 3/8 2/8 6.5 (0.7) 8/8 0/8 0/8
rgH5N9/WSN 5.0 (1.0) 5.1 (1.3) 4.3 (1.0) 0/8 0/8 8/8 3/8 2/8 6.7 (0.4) 8/8 0/8 8/8
Control <1.0 <1.0 <1.0 0/8 0/8 0/8 8/8 NA NA NA NA NA

wt: wild type virus; rg: reverse genetics derived mutated LPAI hemagglutinin cleavage site amino acid sequence RETR/GLF containing virus.
a HI titers were measured in individual (unpooled) serum samples for each bird in the vaccinated groups collected 2-week post-vaccination and 10 days post-challenge,

and the titers are expressed as mean (standard deviation) log2 reciprocal of the endpoint in two-fold serum dilution for each group.
b NA DIVA test were performed with N1, N2 and N9 antigens with serum samples collected 2-week post vaccination from vaccinated groups and 10-day post-challenge in

the vaccinated and challenged groups. Vaccine Ag: homologous antigen used in HI assay, Indo/2003 Ag: A/chicken/Indonesia/7/2003 (H5N1) wt virus antigen, Thai/04 Ag:
A/chicken/Supranburi Thailand/2/2004 (H5N1) wt virus antigen.

c Detection of virus shedding from oropharyngeal swabs collected at 2 and 5 days post-challenge, number of birds virus positive/number of birds tested.
d Kruskal–Wallis nonparametric analysis and Dunn’s multiple comparison test indicates significantly (P < 0.01) reduced cross-HI reactivity of the serum collected from

chickens vaccinated with North American H5 vaccine strains (H5N9, H5N2) and Eurasian W.H.O. clades 1.0 and 2.1 H5N1 virus strains used in this study.

Table 3
Serum HI antibody response and efficacy of single dose NA DIVA marker vaccines and efficacy against A/chicken/Supranburi Thailand/2/2004 (W.H.O. clade 1.0) HP H5N1
virus challenge in chickens (experiment 1).

Vaccine 14 days post vaccination 10 days post-challenge

Log2 HI titers (SD)a NA DIVAb Birds shedding virusc Log2 HI titers (SD)a NA DIVAb

Vaccine Ag Indo/03 Ag Thai/04 Ag N1 N2 N9 2 dpi 5 dpi Vaccine Ag N1 N2 N9

H5N9 6.6 (0.7) 3.5 (0.7)d 3.0 (0.5)d 0/8 0/8 8/8 8/8 8/8 8.8 (0.6) 8/8 0/8 8/8
H5N2 5.0 (0.8) 2.3 (0.9)d 2.8 (0.3)d 0/8 8/8 0/8 8/8 8/8 7.0 (0.8) 8/8 8/8 0/8
wtH5N1 5.5 (1.3) 5.5 (1.3) 4.5 (1.0) 8/8 0/8 0/8 3/8 3/8 7.0 (0.9) 8/8 0/8 0/8
rgH5N9/WSN 5.5 (1.1) 5.6 (1.1) 4.5 (0.7) 0/8 0/8 8/8 2/8 2/8 7.2 (0.6) 8/8 0/8 8/8
Control <1.0 <1.0 <1.0 0/8 0/8 0/8 8/8 NA NA NA NA NA

wt: wild type virus; rg: reverse genetics derived mutated LPAI hemagglutinin cleavage site amino acid sequence RETR/GLF containing virus.
a HI titers were measured in individual (unpooled) serum samples for each bird in the vaccinated groups collected 2-week post-vaccination and 10 days post-challenge,

and the titers are expressed as mean (standard deviation) log2 reciprocal of the endpoint in two-fold serum dilution for each group.
b NA DIVA test were performed with N1, N2 and N9 antigens with serum samples collected 2-week post vaccination from vaccinated groups and 10-day post-challenge in

the vaccinated and challenged groups. Vaccine Ag: homologous antigen used in HI assay, Indo/2003 Ag: A/chicken/Indonesia/7/2003 (H5N1) wt virus antigen, Thai/04 Ag:
A/chicken/Supranburi Thailand/2/2004 (H5N1) wt virus antigen.

c Detection of virus shedding from oropharyngeal swabs collected at 2 and 5 days post-challenge, number of birds virus positive/number of birds tested.
d Kruskal–Wallis nonparametric analysis and Dunn’s multiple comparison test indicates significantly (P < 0.01) reduced cross-HI reactivity of the serum collected from

chickens vaccinated with North American H5 vaccine strains (H5N9, H5N2) and Eurasian W.H.O. clades 1.0 and 2.1 H5N1 virus strains used in this study.

Table 4
Serum HI antibody response and efficacy of single dose NA DIVA marker vaccines against A/chicken/Indonesia/7/2003 (W.H.O. clade 2.1) HP H5N1 challenge virus in chickens
(experiment 2).

Vaccine 14 days post vaccination 10 days post-challenge

Log2 HI titers (SD)a NA DIVAb Birds shedding virusd Log2 HI titers (SD)a NA DIVAb

Vaccine Ag Indo/03 Ag Thai/04 Ag N1 N9 2 dpi 5 dpi Vaccine Ag N1 N9

H5N9 6.7 (0.8) 2.2 (1.0)e 2.7 (1.0)e 0/8 8/8 8/8 8/8 8.8 (0.6) 8/8 8/8
wtH5N1 5.8 (1.2) 5.8 (1.2) 4.1 (0.9) 8/8 0/8 3/8 2/8 7.2 (0.8) 8/8 0/8
wtH5N1c 6.3 (0.9) 6.3 (0.9) 4.5 (0.7) 8/8 0/8 2/8 1/8 7.5 (0.5) 8/8 0/8
rgH5N9/WSN 4.8 (1.6) 4.7 (1.4) 4.3 (1.4) 0/8 8/8 3/8 2/8 6.5 (0.9) 8/8 8/8
rgH5N9/WSNc 5.6 (1.3) 5.6 (1.3) 4.1 (0.8) 0/8 8/8 2/8 1/8 7.5 (0.9) 8/8 8/8
Control <1.0 <1.0 <1.0 0/8 0/8 8/8 NA NA NA NA

wt: wild type virus; rg: reverse genetics derived mutated LPAI hemagglutinin cleavage site amino acid sequence RETR/GLF containing virus.
a HI titers were measured in individual (unpooled) serum samples for each bird in the vaccinated groups collected 2-week post-vaccination and 10 days post-challenge,

and the titers are expressed as mean (standard deviation) log2 reciprocal of the endpoint in two-fold serum dilution for each group.
b NA DIVA test were performed with N1, N2 and N9 antigens with serum samples collected 2-week post vaccination from vaccinated groups and

10-day post-challenge in the vaccinated and challenged groups. Vaccine Ag: homologous antigen used in HI assay, Indo/2003 Ag: A/chicken/Indonesia/
7/2003 (H5N1) wt virus antigen, Thai/04 Ag: A/chicken/Supranburi Thailand/2/2004 (H5N1) wt virus antigen.

c BPL inactivated influenza virus preparations were concentrated by ultracentrifugation pelleting (see Section 2) and the pellet was resuspended in reduced volumes of
supernatant allantoic fluids to match the antigen titer with A/turkey/Wisconsin/1968 (H5N9) virus.

d Detection of virus shedding from oropharyngeal swabs collected at 2 and 5 days post-challenge, number of birds virus positive/number of birds tested.
e Kruskal–Wallis nonparametric analysis and Dunn’s multiple comparison test indicates significantly (P < 0.01) reduced cross-HI reactivity of the serum collected from

chickens vaccinated with North American H5 vaccine strains (H5N9, H5N2) and Eurasian W.H.O. clades 1.0 and 2.1 H5N1 virus strains used in this study.
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Table 5
Serum HI antibody response and efficacy of single dose NA DIVA marker vaccines and efficacy against A/chicken/Supranburi Thailand/2/2004 (W.H.O. clade 1.0) HP H5N1
virus challenge in chickens (experiment 2).

Vaccine 14 days post vaccination 10 days post-challenge

Log2 HI titers (SD)a NA DIVAb Birds shedding virusd Log2 HI titers (SD)a NA DIVAb

Vaccine Ag Indo/03 Ag Thai/04 Ag N1 N9 2 dpi 5 dpi Vaccine Ag N1 N9

H5N9 7.1 (1.2) 2.2 (1.1)e 2.1 (0.9)e 0/8 8/8 8/8 8/8 9.5 (0.9) 8/8 8/8
wtH5N1 5.7 (1.2) 5.7 (1.2) 4.3 (1.6) 8/8 0/8 3/8 3/8 7.3 (0.7) 8/8 0/8
wtH5N1c 6.0 (0.9) 6.0 (0.9) 4.2 (0.4) 8/8 0/8 2/8 2/8 8.0 (0.8) 8/8 0/8
rgH5N9/WSN 4.8 (0.8) 4.6 (0.9) 4.1 (1.0) 0/8 8/8 2/8 0/8 6.9 (0.5) 8/8 8/8
rgH5N9/WSNc 5.5 (0.7) 5.3 (0.9) 4.7 (1.0) 0/8 8/8 1/8 0/8 7.0 (0.8) 8/8 8/8
Control <1.0 <1.0 <1.0 0/8 0/8 8/8 NA NA NA NA

wt: wild type virus; rg: reverse genetics derived mutated LPAI hemagglutinin cleavage site amino acid sequence RETR/GLF containing virus.
a HI titers were measured in individual (unpooled) serum samples for each bird in the vaccinated groups collected 2-week post-vaccination and 10 days post-challenge,

and the titers are expressed as mean (standard deviation) log2 reciprocal of the endpoint in two-fold serum dilution for each group.
b NA DIVA test were performed with N1, N2 and N9 antigens with serum samples collected 2-week post vaccination from vaccinated groups and 10-day post-challenge in

the vaccinated and challenged groups. Vaccine Ag: homologous antigen used in HI assay, Indo/2003 Ag: A/chicken/Indonesia/7/2003 (H5N1) wt virus antigen, Thai/04 Ag:
A/chicken/Supranburi Thailand/2/2004 (H5N1) wt virus antigen.

c BPL inactivated influenza virus preparations were concentrated by ultracentrifugation pelleting (see Section 2) and the pellet was resuspended in reduced volumes of
supernatant allantoic fluids to match the antigen titer with A/turkey/Wisconsin/1968 (H5N9) virus.
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Detection of virus shedding from oropharyngeal swabs collected at 2 and 5 day
e Kruskal–Wallis nonparametric analysis and Dunn’s multiple comparison test i

hickens vaccinated with North American H5 vaccine strains (H5N9, H5N2) and Eu

f inactivated DIVA marker avian influenza vaccines for poultry
n Italy [27]. Previously reported DIVA methods such as conven-
ional NA inhibition (NI) assay [29] and cell culture based indirect
uorescent antibody test (FAT) [28] are not amenable for testing

arge numbers of samples in a timely way [9,28,30,31]. However,
recently described modification of the NI test using the fluores-

ent substrate 2′-(4-methylumbelliferyl)-�-d-N-acetylneuraminic
cid sodium salt hydrate (MUN; Sigma Chemical Co., St. Louis,
O) [32], provides a fast, reliable and quantitative alternative

33].
Several commercial vaccines produced from LP Eurasian or

orth American H5 virus strains that naturally have a heterol-
gous NA gene and allow for the potential of DIVA testing (N9,
3, N2) have been recently evaluated for their protective effi-
acy against Asian HP H5N1 viruses [34–37]. However, the HA
mino acid sequences of these vaccine viruses are at times very
ivergent from that of circulating Asian HP H5N1 virus strains.
he high sequence similarity between the HA protein amino
cid sequence of the vaccine and challenge strain is known to
e critical for optimal efficacy of the seasonal influenza vac-
ines in humans [38–40]. However, oil-emulsified poultry vaccines
eem to provide much broader protection than human influenza
accines, but a correlation in sequence similarity in regards to
irus shedding after challenge has been observed [41]. An ideal
accine against avian influenza should reduce shedding of the
hallenge virus to a minimum, and thus help reduce contamina-
ion of the environment and lateral spread of the virus [42–45].

comparative study of the efficacy of inactivated H5 whole
irus vaccines prepared from antigenically distinct North Amer-
can and matched Asian H5 strains have not been performed
gainst post 2003 Asian HP H5N1 avian influenza viruses in
hickens. In this study, using a single vaccine dose, we report
he comparative efficacy of inactivated oil-emulsified vaccines
hat were prepared from (i) naturally occurring antigenically dis-
inct North American viruses [A/turkey/Wisconsin/1968 (H5N9)
nd A/chicken/Hidalgo/232/1994 (H5N2)] and (ii) reverse genet-
cs based antigenically matched LP rgH5N9 virus derived from

P A/chicken/Indonesia/7/2003 (H5N1) virus strain (W.H.O. phy-

ogenetic clade 2.1), against two HP Asian H5N1 avian influenza
iruses belonging to the W.H.O. phylogenetic clade 1.0 and clade
.1 with and without an engineered or naturally occurring hNA
IVA marker.
-challenge, number of birds virus positive/number of birds tested.
tes significantly (P < 0.01) reduced cross-HI reactivity of the serum collected from
W.H.O. clades 1.0 and 2.1 H5N1 virus strains used in this study.

2. Materials and methods

2.1. Avian influenza viruses

The LP A/turkey/Wisconsin/1968 (H5N9), A/chicken/Hidalgo/
232/1994 (H5N2), and HP A/chicken/Indonesia/7/2003 (H5N1)
and A/chicken/Supranburi Thailand/2/2004 (H5N1) virus strains
used in this study were obtained from the repository of the
Southeast Poultry Research Laboratory. The viruses were diluted
in sterile PBS supplemented with 1% (v/v) antibiotic and anti-
mycotic solution (Cellgro, Manassas, VA) and passaged two
times in 10-day-old specific pathogen free embryonated chicken
eggs (SPF-ECE) via the chorioallantoic cavity route. The infected
eggs were incubated at 37 ◦C for 3–4 days and then chilled
at 4 ◦C. Allantoic fluid was harvested and virus titers were
determined by hemagglutination assay using 0.5% (v/v) packed
chicken erythrocytes. Aliquots of virus were stored at −70 ◦C for
use in further experiments. Fifty percent egg infectious (EID50)
titers were determined by infecting eggs at log10 limiting dilu-
tions and titers were calculated by Reed and Muench method
[46].

2.2. Molecular analysis of H5 hemagglutinin of vaccine and
challenge viruses

Viral RNA was extracted from the vaccine seed and challenge
virus stocks using viral RNA mini kit (Qiagen Inc., Valencia, CA). The
H5 HA gene was amplified using a one step RT-PCR kit (Qiagen Inc.,
Valencia, CA) with gene segment specific primers that possessed
flanking Bsm BI restriction enzyme sites. The direct nucleotide
sequencing for HA gene was performed using PRISM Ready Reac-
tion DyeDeoxy Terminator Cycle Sequencing kit (PerkinElmer,
Foster City, CA) and was run on an automated sequencing 3730
PerkinElmer machine. Phylogenetic analysis of the HA1 sequences
was performed by neighbor joining method using MEGA 3.1 ver-
sion. Using a total of 1033 complete H5 A/goose/Guangdong/1996
(H5N1)-lineage HA nucleotide sequences available (avian, human

and other mammalian isolates) in the NCBI GenBank for viruses
isolated all over the world, two consensus H5 HA1 amino acid
sequences were generated. The first consensus consist of viruses
isolated from 1996 to 2004 and the second consensus for viruses
isolated from 2005 to 2008. The H5 HA1 consensus and deduced
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Fig. 1. Amino acid sequence based phylogenetic analysis of the North American neuraminidase DIVA marker H5 vaccine strains (H5N9 and H5N2) and Asian H5N1 challenge
virus strain H5 hemagglutinin sequence. Viruses belonging to different hemagglutinin phylogenetic clades isolated during different time period and more recently isolated
s nesia/
r 4 (H5N
v North
D

H
v
c
s
t
v
A

trains were included in the analysis. The H5 hemagglutinin gene of A/chicken/Indo
gH5N9 vaccine strain using reverse genetics. A/chicken/Supranburi Thailand/2/200
iruses were used for challenge to evaluate the efficacy of the antigenically distinct
IVA marker vaccines in chickens.

5 HA1 amino acid sequences of the North American and Asian
iruses used in this vaccine efficacy study, were aligned using

lustalW algorithm (Lasergene Inc., Madison, WI). The amino acid
equence variation in the H5 HA1 antigenic sites and poten-
ial glycosylation motifs between the North American, and Asian
iruses were identified and mapped in the H5 HA antigenic sites of
/duck/Singapore/3/1997 virus [47].
7/2003 (H5N1) W.H.O. clade 2.1 virus was used to generate a low pathogenic Asian
1) W.H.O. clade 1.0 virus and A/chicken/Indonesia/7/2003 (H5N1) W.H.O. clade 2.1
American (H5N9 and H5N2) vaccines and antigenically matched Eurasian rgH5N9

2.3. Generation of LP vaccine strain and safety test in chickens
The H5 HA gene segment amplicon of HP A/chicken/Indonesia/
7/2003 (H5N1) virus was digested with Bsm BI restriction enzyme
and cloned in the pHH21 reverse genetics vector. Using site
directed mutagenesis, the HA1–HA2 cleavage site amino acid
sequence RERRRKKR of HP A/chicken/Indonesia/7/2003 virus was
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Fig. 2. Alignment of the H5 HA1 amino acid sequences (excluding signal peptide) of the North American DIVA marker vaccine strains, Eurasian H5N1 W.H.O. clade 1.0
A/chicken/Supranburi Thailand/2/2004, and W.H.O. clade 2.1 A/chicken/Indonesia/7/2003 virus strains. Two consensus H5 HA1 sequences generated from the Eurasian H5N1
virus strains isolated from various species of poultry and mammals including human during 1996–2004 and 2005–2008 were included in the alignment analysis. Residues
in the open boxes belong to the epitopes in the previously identified major antigenic sites A–D. The substitution residues identified to affect antigenic sites using the H5
antibody escape mutants lie in the vicinity of the antigenic sites and are shown by the open triangles. The underlined residues are potential glycosylation sites. The residues
of virus–host cell interaction receptor binding domain are shown in bold faced italics alphabets in red. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)
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utated to the LP cleavage site having amino acid sequence RETR.
ecombinant virus containing the mutated LP H5 HA gene from
/chicken/Indonesia/7/2003 (H5N1) virus, N9 NA gene from Amer-

can LP A/turkey/Wisconsin/1968 (H5N9) virus and internal genes
rom A/WSN/1933 (H1N1) virus was rescued in human embry-
nic kidney 293T cells, as described previously [28]. The pHH21
everse genetics vector, reference transcription and expression
lasmids were kindly provided by Dr. Yoshihiro Kawaoka, Univer-
ity of Madison, Wisconsin, USA [48]. The recombinant viruses were
ropagated in SPF embryonating chicken eggs. The viral RNA was
xtracted, the H5 HA gene was RT-PCR amplified and nucleotide
equencing was performed to confirm the mutated LP amino acid
equence RETR at the HA1–HA2 cleavage site of the recombinant
gH5N9 virus.

The pathogenicity and respiratory replication of the rgH5N9
arker vaccine strain was assessed by intranasal inoculation of 106

ID50/0.2 ml virus in 4-week-old white Leghorn SPF chickens [49].
he chickens were examined routinely for clinical signs and mor-
ality for 10 days post infection. Oropharyngeal and cloacal swabs
ere collected at 2 and 5 days post infection to assess the virus

eplication and shedding. Serum samples were collected at 10 days
ost infection to assess seroconversion.

.4. Vaccines

The reverse genetics derived LP rgH5N9 marker vaccine strain,
ild type North American A/turkey/Wisconsin/1968 (H5N9) vac-

ine strain, and wild type Asian A/chicken/Indonesia/7/2003
H5N1) viruses were propagated at 37 ◦C for 2–4 days in the
horioallantoic sac of 9-day-old SPF-ECE. Allantoic fluid contain-
ng virus was clarified by low speed centrifugation (1000 × g) for
5 min, and all the viruses had hemagglutination titers of 512 HA
nits. The viruses were inactivated with 0.5% �-propiolactone (BPL)
Sigma Chemical Co., St. Louis, MO) for 4 h at room temperature,
ransferred to 4 ◦C overnight for hydrolysis of the BPL and then the
H of the inactivated virus fluid was adjusted to 7.2 by the addition
f sterile 7.5% sodium bicarbonate solution (w/v) [28]. Inactiva-
ion of the viruses was confirmed by their inability to replicate
fter inoculation in chorioallantoic sac of 9-day-old SPF-ECE [28].
terility of the inactivated viruses was confirmed by inoculating
.1 ml inactivated antigen into sterile thioglycolate medium and

ncubation for 1 week at 37 ◦C.
The BPL inactivated virus antigens and oil phase were used to

ormulate water-in-oil emulsion adjuvant vaccines. The oil phase
as formulated by mixing the pharmaceutical grade mineral oil
rakeol 6VR (Penreco, Butler, PA), Span 80 (Sigma Chemical Co.,
t. Louis, MO) and Tween 80 (Sigma Chemical Co., St. Louis, MO)
t 36:3:1 ratio. Two days before vaccination, the oil phase and
nactivated virus antigens were mixed at a ratio of 4:1 [28], homog-
nized in a Waring blender (Fisher Scientific International Inc.,
ampton, NH) [50], and stored at 4 ◦C. The wild type H5N1 and

gH5N9 virus strains were concentrated by ultracentrifugation
t 120,000 × g for 2 h, and vaccines were prepared from concen-
rated virus preparations containing 1024 HA units/50 �l. The
orth American A/chicken/Hidalgo/232/1994 virus based commer-
ial Nobilis H5N2 vaccine (Intervet Inc.) was also used. The vaccines
ere equilibrated to room temperature on the day of vaccina-

ion, and mixed by vigorous shaking before administration to the
hickens. Vaccine efficacy trial experiments were performed at two
ifferent times.
.5. Protective efficacy of H5 NA DIVA marker vaccines

Four-week-old SPF white Leghorn chickens were obtained from
he SEPRL hatchery and housed in a biosafety level 2 animal facil-
ty. The chickens were wing banded for identification, allowed to
7 (2009) 6247–6260 6253

acclimate for 2 days before vaccination and provided ad libitum
access to food and water throughout the vaccination experiments.
The vaccine efficacy was evaluated in chickens in two different
experimental trials. In the first trial, 10 groups of eight birds in
each group were used (Tables 2 and 3). In the second experimental
trial, 12 groups of eight birds each were used (Tables 4 and 5). Pre-
vaccination serum samples were obtained from the control groups
in both experimental trials for use as negative samples in HI and
heterologous subtype neuraminidase DIVA assays. The birds were
vaccinated with 0.5 ml of vaccine by the subcutaneous route in the
neck, and serologic antibody titers were determined 2 weeks after
vaccination by the HI assay [9]. The vaccinated and control chickens
were transferred to Horsfall units fitted with HEPA filter intake and
exhaust and maintained under negative air pressure in a biosafety
level 3 enhanced containment animal facility. The chickens were
challenged by the oro-nasal route with 106 EID50 dose (0.2 ml)
of Asian H5N1 HP viruses, A/chicken/Supranburi Thailand/2/2004
(W.H.O. clade 1.0) or A/chicken/Indonesia/7/2003 (W.H.O. clade
2.1), respectively. At 10 days post-challenge, blood was collected
and sera were harvested to evaluate the antibody response by HI
assay. Oropharyngeal virus shedding titers were determined by
inoculation of 9–11-day-old SPF-ECE with log10 diluted oropha-
ryngeal swab fluids [46].

2.6. Antigenic analysis and serum antibody response evaluation
by HI assay

Antigenic analysis of the vaccine and challenge viruses was done
by hemagglutination inhibition (HI) assay (Table 1) using anti-
serum produced in SPF chickens 3 weeks after immunization with
a single dose of �-propiolactone inactivated water-in-oil emulsi-
fied vaccines [42]. For antigenic analysis by cross-HI assay, immune
serum from a single bird against the vaccine strains and challenge
strains was used. To evaluate antibody response against the vac-
cines, individual (unpooled) serum samples from each immunized
chickens in the groups were diluted two-fold in micro-titer plates
using PBS, 4 HA units of inactivated virus antigens were added
to the diluted sera and incubated at room temperature for 1 h to
allow antigen–antibody interaction. Chicken erythrocytes (0.5%,
v/v) were added to the wells in the assay according to W.H.O. pro-
tocol and serum dilution causing inhibition of the virus induced
hemagglutination were considered endpoint titers [9]. Antigenic
analysis and serum antibody response to H5 hemagglutinin of the
vaccine was evaluated using homologous and heterologous H5
virus strains. The log2 transformed values of the HI titers within
and between groups were analyzed for statistical significance, and
mean HI values with standard deviation for each group are pre-
sented in Tables 2–5.

2.7. Neuraminidase inhibition DIVA assay

The inhibition of influenza A virus vaccine subtype specific NA
enzymatic activity by serum antibodies produced against the vac-
cine NA subtypes (N2 and N9) or the N1 NA subtype present in
the challenge virus was performed as described previously [33]
using the fluorescent substrate 2′-(4-methylumbelliferyl)-�-d-N-
acetylneuraminic acid sodium salt hydrate (Sigma Chemical Co., St.
Louis, MO) [32]. The NA DIVA test required the ability to differenti-
ate the antibody response against NA subtype in the marker vaccine
(N2 and N9) from that of the N1 NA of the challenge H5N1 virus.
The extent of antigenic cross-reactivity between N2 and N9 NA
subtypes of the vaccine viruses and the N1 NA subtype of the chal-

lenge virus was determined using 2-week post vaccination serum
samples from both virus challenge groups/vaccine groups. The NA
DIVA testing was performed in duplicate using two-fold diluted
serum samples from individually vaccinated birds before and after
challenge. The endpoint NI titers were determined as the preced-
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ng log2 serum dilution at which the fluorescence level begun to
all to the levels similar to the unvaccinated SPF chicken serum
pre-vaccination serum). The serum samples exhibiting ≥3 log2
I activity were considered positive for DIVA antibody test. The
NA DIVA test could not be applied to A/chicken/Indonesia/7/2003
H5N1) vaccine group as the vaccine strain and Asian H5N1 chal-
enge strain have the same subtype NA.

.8. Statistical analysis

Serum antibody response and virus shedding data for vaccinated
nd control groups of chickens were analyzed using nonparamet-
ic Kruskal–Wallis test on GraphPad Prism v4.03 software package
GraphPad Software Inc., San Diego, CA). The statistical significance
as set at P < 0.05. Dunn’s multiple comparison was performed to

ll the groups in each experiment to assess the statistical signifi-
ance.

. Results
.1. Molecular and antigenic analysis

Phylogenetic and sequence analysis of the H5 HA1
mino acid sequence alignment of the vaccine strains and

ig. 3. The amino acid variation in the antigenic sites of the North American vaccine (A/tu
5N1 A/chicken/Supranburi Thailand/2004 (W.H.O. clade 1.0) and A/chicken/Indonesia/7/
rystallized structure of the A/duck/Singapore/3/1997 virus H5 HA monomer. The color sc
range for antigenic site D was used. (a) Amino acid variation in H5 HA antigenic sites bet
merican A/turkey/Wisconsin/1968 (H5N9) vaccine strains; (b) amino acid variation in H
hallenge and North American A/chicken/Hidalgo/232/1994 (H5N2) vaccine strains; (c) a
hailand/2/2004 (H5N1) challenge strain and A/chicken/Indonesia/7/2003 (H5N1) strain u
esidue serine was not mutated at position 217. (For interpretation of the references to co
7 (2009) 6247–6260

Asian challenge viruses is shown in Figs. 1 and 2. The
H5 HA amino acid sequence based phylogeny indicates
that North American A/turkey/Wisconsin/1968 (H5N9) and
A/chicken/Hidalgo/232/1994 (H5N2) are distantly related to
both Asian H5N1 lineage viruses A/chicken/Indonesia/7/2003
(H5N1) virus (W.H.O. clade 2.1) and A/chicken/Supranburi Thai-
land/2/2004 (W.H.O. clade 1.0). The H5 HA1 protein amino acid
identity analysis revealed that the A/turkey/Wisconsin/1968
(H5N9) showed 11% divergence and A/chicken/Hidalgo/232/1994
(H5N2) vaccine strains showed 12% divergence from the Asian
H5N1 viruses used for preparing antigenically matched vaccine
or as a heterologous challenge virus (A/chicken/Supranburi Thai-
land/2/2004) in this study (Figs. 1 and 2). The H5 HA of North
American A/turkey/Wisconsin/1968 virus showed 43 amino acid
differences in the HA1 protein as compared to the Asian H5N1
challenge virus, A/chicken/Supranburi Thailand/2/2004. Of these
amino acid variations, 14 were located in the antigenic sites
previously identified for H1, H3 viruses and H5 antibody escape

mutants (Figs. 2 and 3a). The Mexican vaccine strain had 46
amino acid differences in HA1, and 15 of those changes were
located in putative antigenic sites (Figs. 2 and 3b) [47,51–57]. As
compared to A/chicken/Indonesia/7/2003 virus, 45 amino acid
changes were seen in HA1 protein of A/turkey/Wisconsin/1968

rkey/Wisconsin/1968 H5N9 and A/chicken/Hidalgo/232/1994 H5N2) and Eurasian
2003 (W.H.O. clade 2.1) challenge virus strain HA1 sequences are depicted using the
heme yellow for antigenic site A, brown for antigenic site B, red for antigenic site C,
ween Eurasian A/chicken/Supranburi Thailand/2/2004 (H5N1) challenge and North
5 HA antigenic sites between Asian A/chicken/Supranburi Thailand/2/2004 (H5N1)
mino acid variation in H5 HA antigenic sites between Asian A/chicken/Supranburi
sed to generate a reverse genetics based marker rgH5N9 vaccine strain. Amino acid
lor in this figure legend, the reader is referred to the web version of the article.)
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Fig. 3.

irus whereas A/chicken/Hidalgo/232/1994 virus possessed 48
mino acid changes (Fig. 2). The HA1 amino acid sequence of
/turkey/Wisconsin/1968 (H5N9) vaccine strains differed from
/chicken/Hidalgo/232/1994 (H5N2) by 8% (26 of 326 amino acids)
nd of these 10 amino acid changes were located in antigenic
ites (Fig. 2). The North American and A/chicken/Indonesia/7/2003
accine strains showed five potential glycosylation sites, but
/chicken/Supranburi Thailand/2/2004 had one less at posi-

ion 154–156 in the antigenic site B. The amino acid residues
n the receptor binding domains of the vaccine strains and
sian challenge strains were mostly conserved (Fig. 2), except
single variation each in 190 helix (T188I in North American

/chicken/Hidalgo/232/1994 vaccine strain) and R189E in North
merican A/turkey/Wisconsin/1968 vaccine strain) and 220 loop

S217P substitution in North American vaccine strains) regions
f HA1 protein [58]. The HA1–HA2 cleavage site of the North
merican vaccine strains and reverse genetics derived Asian H5
utant vaccine strain was characteristic (RETR) of wild type LP

vian influenza viruses.
The antigenic analysis using immune serum produced against

accine and challenge virus strains revealed that the North Ameri-
an vaccine strains are antigenically distinct from the Asian H5N1
iruses used in this study and exhibit a 4–8-fold HI titer differ-
nce (Table 1). The Asian A/chicken/Supranburi Thailand/2/2004

W.H.O. clade 1.0) (H5N1) and A/chicken/Indonesia/7/2003 (H5N1)
W.H.O. clade 2.1) viruses showed two-fold differences in HI titer
Table 1). The HA1 of these two Asian H5N1 virus strains had only
our amino acid variations, two of which were located in antigenic
ite B and remaining two changes were located in the sites pre-
inued)

viously identified using monoclonal antibody resistant H5 escape
mutant strains (Figs. 2 and 3c).

The rgH5N9 (mutated low pathogenic cleavage site amino acid
sequence RETR/GLF H5 HA from A/chicken/Indonesia/7/2003 H5,
heterologous N9 subtype NA from A/turkey/Wisconsin/1968) virus
was rescued and the attenuated phenotype was confirmed in a
standard challenge of 106 EID50 given via intranasal route to eight
4-week-old SPF WLH chickens. None of the birds showed any clin-
ical signs of disease, no mortality, and no virus was detected from
oropharyngeal swabs at 3 days post inoculation (dpi). All birds did
seroconvert at 10 dpi when tested by hemagglutination inhibition
assay, but with low titers.

Chickens administered a single dose of either antigenically
distinct North American or antigenically matched rgH5N9 DIVA
marker water-in-oil emulsion vaccine showed 100% protection
against lethal challenge with both Asian H5N1 virus challenge
strains, W.H.O. clade 1.0 A/chicken/Supranburi Thailand/2/2004
(H5N1) and W.H.O. clade 2.1 A/chicken/Indonesia/7/2003 (H5N1)
viruses (Tables 2–5). Vaccinated chickens showed no signs of H5N1
clinical disease during the 10-day experiment. All of the unvacci-
nated control chickens succumbed to the Asian HP H5N1 viruses
between 24–48 h after inoculation.

3.2. Antibody response following vaccination and challenge
Homologous and heterologous H5 virus strain HI antibody titers
were assayed 2 weeks post vaccination, which preceded challenge
with the Asian HP H5N1 virus strains (Tables 2–5). The BPL inac-
tivated North American and Asian H5 virus antigens were used
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n the HI assay. Prior to challenge, H5 HI antibodies were not
etectable in the unvaccinated control group of chickens. The HI
ntibody titers in the range of 16–128 (4–7 log2) were detected in
he chickens when the HI assay was done using homologous anti-
en (Tables 2–5). Use of the challenge strains as antigens was also
ncluded to assess cross-HI activity in serum of chickens vaccinated

ith North American H5N9 or H5N2 showed several fold reduced
I activity. Similarly reduced cross-HI activity was observed when
orth American H5 virus antigens were used to test serum samples

rom chickens that were vaccinated with Asian rgH5N9 marker vac-
ine. The serum titers in all the vaccinated groups increased by 10
ays after challenge with the highest mean HI titer of 512 (9 log2)

n A/turkey/Wisconsin/1968 (H5N9) group.

.3. Challenge virus shedding

Oropharyngeal titers of the Asian HP H5N1 challenge viruses
n unvaccinated control birds at necropsy, which died between
4–48 h post-challenge, ranged from 105 to 106 EID50/ml (Fig. 4). As
ompared to the unvaccinated control groups, chickens vaccinated
ith North American vaccines showed a significantly lower lev-

ls of virus shedding (P < 0.05) on day 2 and day 5 post-challenge,
ut all the birds had detectable levels of virus shedding (Fig. 4).
he North American vaccinated chickens had less virus shedding
n day 5 as compared to day 2 post-challenge. In contrast a major-

ty of the chickens vaccinated with antigenically matched Asian
gH5N9 marker vaccine did not shed challenge virus on day 2, and
he birds that shed virus did so at low levels in the range of 1–2 log10
ID50/ml (Fig. 4). The level of virus shedding in the Asian rgH5N9
accine groups also decreased at 5 days post-challenge.
inued).

3.4. Neuraminidase inhibition DIVA assay

A quantitative NI assay was performed for serological differ-
entiation of the vaccinated and infected chickens using MUN, a
fluorescent NA substrate, and serum samples exhibiting ≥3 log2 NI
activities were considered positive [33]. In the vaccinated chickens,
serum NI activity against the vaccine NA subtype was detectable
2 weeks after vaccination (Fig. 5). The unvaccinated chickens and
chickens vaccinated with the N2 or N9 vaccines were below the
cutoff for detectable N1 antibody before challenge. Ten days after
the Asian H5N1 virus challenge of vaccinated groups of chickens,
significantly (P < 0.05) higher levels of serum NI activity against the
challenge virus N1 was observed in 100% of the birds, as compared
to the serum from control group of chickens that were not exposed
to influenza virus. During this period the NI titer against the NA
subtype present in the vaccine (N9, N2) also continued to signif-
icantly rise likely because the birds were still responding to the
primary vaccination. The hNA DIVA test could not be applied to
A/chicken/Indonesia/7/2003 (H5N1) vaccine group as the vaccine
strain and Asian H5N1 challenge strain have same subtype NA.

4. Discussion

Highly pathogenic H5N1 avian influenza has become endemic
in several Asian and African countries and increasingly vaccina-

tion is being considered useful to prevent economic loss to poultry
farmers and to better help control the disease. In poultry, inacti-
vated oil-emulsified H5 avian influenza vaccines are still the most
commonly used type of vaccine and the serum antibody response
against HA glycoprotein plays a major role in protection by blocking



S.J. Jadhao et al. / Vaccine 27 (2009) 6247–6260 6257

Fig. 4. Virus isolation (shedding) in embryonated chicken eggs from oropharyngeal swabs collected on day 2 and day 5 following challenge with highly pathogenic Eurasian
H5N1 viruses, A/chicken/Indonesia/7/2003 (W.H.O. clade 2.1) and A/chicken/Supranburi Thailand/2/2004 (W.H.O. clade 1.0). Chickens in unvaccinated control groups showed
100% mortality between 24 and 48 h after challenge. The Kruskal–Wallis nonparametric statistical significance in virus shedding between groups is indicated by alphabets.
a: statistically significant (P < 0.05) from unvaccinated control group; b: vaccines with antigenically matched H5 HA significantly (P < 0.05) reduce challenge virus shedding
as compared to the North American A/turkey/Wisconsin/1968 (H5N9) vaccine.
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Fig. 5. Temporal serum neuraminidase inhibition activity against the heterologous subtype NA (N9, N2) of the DIVA marker vaccines and N1 NA of the Asian H5N1 challenge
virus strains. Serum was collected from vaccinated and control chickens at 2 weeks after vaccination (pv). Vaccinated and control chicken groups were challenged with
Eurasian H5N1 virus and serum was collected from surviving birds at 10 days post-challenge (pc). Unvaccinated control chickens died between 24 and 48 h pc. The levels
of non specific NI activity in chickens which did not receive any viral antigen, and the extent of NI cross-reactivity of the DIVA marker N9 and N2 NA with that of the N1
NA of the Asian H5N1 challenge virus strains was plotted. The Kruskal–Wallis nonparametric statistical significance between groups is indicated by alphabets. a: significant
difference in NI activity (P < 0.05) from control and cross-reaction with N1 NA; b: significant difference in NI activity (P < 0.05) from control and N1 NA pv; c: significant
difference in NI activity (P < 0.05) from N1 NA pc; d: significant difference in NI activity (P < 0.05) from N9 NA pc. The number of sera used from vaccinated and challenged birds
were, A/chicken/Indonesia/7/2003 H5N1 vaccine sera: n = 31, Asian rgH5N9 vaccine sera: n = 55, North American A/turkey/Wisconsin/1968 H5N9 vaccine sera: n = 32, North
American A/chicken/Hidalgo/232/1994 H5N2 vaccine sera: n = 16, unvaccinated/pre-vaccination SPF chicken sera: n = 16. The serum samples from hNA subtype containing
v (10 dp
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accine groups that exhibited ≥3 log2 NI activity following HPAI H5N1 challenge
he bars indicate positive cutoff NA DIVA test. EA: Eurasian lineage, NA: North Ame
H5N1) vaccine group as the vaccine strain and Asian H5N1 challenge strain has sam

ystemic replication of HP H5N1 virus and reducing virus shedding
23]. The success of vaccination for HP H5N1 avian influenza control
rogram is influenced by the degree of antigenic match of the H5
A protein in the vaccine strain. The first aim of the present study
as to assess the influence of H5 antigenic variation of the vaccine

train on shedding of Asian H5N1 challenge virus. For this pur-
ose, we compared protection conferred by antigenically distinct
orth American (H5N9 and H5N2) strain based vaccines, which
re also commercially available, with antigenically matched Asian
gH5N9 experimental vaccine strain. The vaccinated chickens were
hallenged with two different Asian HP H5N1 viruses belonging to
.H.O. clades 1.0 and 2.1 (Fig. 1). The HA1 protein of the North
merican avian influenza A vaccine strains showed as much as
2% amino acid sequence divergence from both challenge viruses.
e also used an early challenge model, challenge at 2 weeks

fter vaccination, to accentuate the differences between vaccines,
c) were considered positive for DIVA antibody test. Horizontal dotted line across
lineage. **: The hNA DIVA test could not be applied to A/chicken/Indonesia/7/2003
btype NA.

because peak levels of serum antibody usually occur 3–4-weeks
post single vaccination. Evaluation of serum antibody response in
vaccinated chickens at 2 weeks after immunization indicated that
the inactivated H5 vaccines induced serum HI antibody response
in the range of 16–128 (4–7 log2) against the homologous vac-
cine strain antigen. The HI antibodies titers were determined with
homologous and heterologous antigen, and as expected the titers
induced from the North American H5N9 and H5N2 vaccines exhib-
ited much lower HI cross-reactivity (HI titers range of 2–3 log2) with
Asian H5N1 challenge virus antigens. Although the birds had lower
specific antibody, the birds were still completely protected from

morbidity and mortality. Similar observations were reported pre-
viously by performing Asian H5N1 HP virus challenge experiments
using antigenically distinct vaccines [35,36]. The clinical protec-
tion seen with this low level of specific serum antibody is likely
because of the effective blocking of systemic replication (viremia)
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f the HPAI challenge virus preventing the systemic phase of virus
eplication that is usually required to cause death in chickens.

The data from the oropharyngeal virus shedding showed a much
ifferent result between vaccine groups. The North American H5
accinated chickens shed challenge virus at both time points, and
hey were shedding much higher levels of virus compared to the
ntigenically matched vaccinated chickens. The reduction in virus
hedding is important for blocking the transmission of virus from
ne flock to another and also to reduce environmental contamina-
ion. These findings provide additional support for striving to match
he H5 amino acid sequence identity of the vaccine with the chal-
enge strain for optimal protection with oil-emulsified inactivated
accines for poultry. Previous vaccine efficacy study in chickens
sing several North American H5 vaccine strains demonstrated that
0–100% of vaccinated chickens had oropharyngeal shedding of the
P North American A/chicken/Queretaro/14588/1995 challenge
irus, depending on the degree of HA antigenic match between
accine and challenge strains [59]. In another study, up to 10%
ortality was reported in chickens receiving vaccines that were

ntigenically distinct from the highly pathogenic North American
/chicken/Queretaro/14588/1995 challenge virus [41].

Recent studies using two commercially available
/turkey/Wisconsin/1968 (H5N9) vaccines against A/chicken/
amaguchi/7/2004 Asian HP H5N1 virus challenge indicated that
ven after two doses of vaccine there was oropharyngeal and
loacal virus shedding in 100% of the vaccinated chickens at day
and day 5 post-challenge [37]. Therefore, these large antigenic

ifferences in the vaccine and circulating H5N1 virus strains is
f concern if a primary goal of vaccination is to prevent spread
f virus from vaccinated and infected flocks to the unvaccinated
ocks. Therefore use of antigenically matched efficacious avian

nfluenza vaccines could better serve as a barrier or a “ring” of
accination around the quarantine zone [43].

To better understand the antigenic differences in HA protein
nd correlate with clinical cross protection and virus shedding,
e mapped the H5 HA antigenic sites of the North American vac-

ine strains and Asian H5N1 virus strains. The analysis revealed
resence of 14–15 amino acid changes in the predicted anti-
enic sites (A–E) [51,57], as well as amino acid residues that are
nown to be important for H5N1 escape mutant virus neutraliza-
ion [53–57]. The H5 HA amino acid sequence differences between
orth American and the recent Asian H5N1 virus strains translate

nto the serological antigenic differences as seen in the cross-
I assay (Table 1). The serological cross-reactivity of the North
merican and Asian lineage viruses showed a 4–8-fold difference

n HI titer. Selection of a new flu vaccine strain is usually done
or seasonal human influenza vaccines if the vaccine strains in
se exhibit more than four-fold antigenic difference in HI reac-
ivity from the circulating strains [38–40]. Therefore, data from
he present study suggests that the amino acid variations mapped
n the antigenic sites (A–E) of the H5 virus together with the
esidues reported to contribute to neutralizing epitopes in the
scape mutants are responsible for the observed antigenic differ-
nces.

The amino acid residues in the receptor binding domains (RBD)
f the North American vaccine and Asian H5N1 challenge viruses
ere largely conserved. These conserved amino acid sequence in

he 190 helix and 220 loop regions of HA1 protein RBD may also
ave contributed in the protection afforded by the North American
5N9 and H5N2 vaccines against the antigenically distinct Asian
P H5N1 challenge viruses. A recent study demonstrated contri-

ution of the anti-H5 hemagglutinin RBD monoclonal antibodies

n protection of mice and ferrets against HP H5N1 virus challenge,
hus opening possibilities for allowing development of future H5
emagglutinin RBD based vaccines [54]. The antigenic structure
f the H5 HA is not completely elucidated and further analysis of
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the neutralizing epitopes would help to understand the molecu-
lar and antigenic basis of the cross-reactivity and cross protection
conferred by the antigenically distinct North American H5N9 and
H5N2 vaccines against Asian HP H5N1 virus strains in chickens.

The second goal of this study was to evaluate the use of a
hNA marker vaccine to differentiate vaccinated from vaccinated
and infected animals (DIVA) that could prove beneficial for avian
influenza surveillance programs in poultry [28,60,61]. However,
most available techniques to detect serum influenza A virus NA
antibody, such as the conventional neuraminidase inhibition assay
[9,31] and indirect fluorescent antibody (IFA) methods are labor and
time intensive [28,30]. Utility of a fluorescent MUN substrate based
NI assay to quantitatively analyze the NA antibody response to the
influenza NA vaccines in chickens has been demonstrated recently
[33]. In this study, the assay was found to be a rapid and reliable
way to distinguish between the N1, N2 and N9 NA subtype of the
H5N1 challenge virus and marker vaccine strains. We successfully
distinguished between vaccinated and infected birds as early as 10
days after challenge. These data emphasize the application of this
assay with a possibility for higher throughput applications in avian
influenza vaccine NA DIVA marker vaccine approach.

In summary, using reverse genetics technology we produced a
vaccine strain with a matched hemagglutinin gene but with a dif-
ferent neuraminidase subtype to produce an efficacious vaccine
that can be used as part of a DIVA surveillance program. Anti-
genically matching the vaccine to the challenge strain provided
superior protection compared to poorly matched vaccines when
virus shedding is used as the measure of protection. Finally, the use
of MUN substrate to measure NA antibody titers appears to pro-
vide a more efficient method for testing than other conventional
available methods.
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